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I. INTRODUCTION

The extent and rate at which investigations have been
made in the field of the radiation chemistry of solid inor-
ganic compounds has been continuously increasing'inrecent
years. The amount of information accumulated in the
specialist literature on these problems is now very large.
Data published up to 1962 were reviewed systematically by
Sviridov!, but there are no later reviews.

The aim of the present review was to arrange system-
atically and to discuss data on the radiation-induced re-
actions in the group of salts investigated in the greatest
detail—alkali metal nitrates, nitrites, chlorates, bro-
mates, and perchlorates. Particular attention has been
devoted to the most recent investigations and the views
formulated on their basis. Data published up to the end of
1966 are included in the review.

II. RADIOLYSIS OF NITRATES

Of all the inorganic salts with oxygen-containing anions,
the nitrates have been investigated most vigorously, the
study of alkali metal nitrates being the most detailed?-*
and that of the nitrates of silver .12, alkaline earth
metals 2,134 and lead?2,15-17 less so.

1. Products of Radiolysis

a, Optical spectra of irradiated nitrates.
One of the first studies on optical absorption by irradiated
sodium nitrate was that by Pringsheim®, At the tem-
perature of liquid nitrogen an absorption band with a maxi-
mum at 335 nm was observed and at room temperature
another band with a maximum at 355 nm appeared in addi-
tion. The author attributed the first band to an electron-
excess centre and the second to NO; ions. Absorption
maxima at about 350 nm were also observed by Johnson
in the reflection spectra of irradiated potassium and lead
nitrates. Cunningham made the most detailed study of this
problem in the case of potassium nitrate4. Fig.1, which
is taken from his paper, shows the absorption spectrum of
a potassium nitrate crystal irradiated at 4.2°K. In the

range of doses less than 1020 eV g=! six absorption bands
were observed both at 4.2°K and at 77°K with maxima at
520, 355, 325, 290, 268, and 250 nm. The study of the
behaviour of these bands on irradiation with light at a
definite wavelength and on changing the temperature, and
also comparison with the behaviour of ESR signals on
treatment of this kind enabled the author 3:4 to identify these
absorption bands. Thus the absorption at 250 nm was
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Figure 1. Optical absorption spectrum of potassium
nitrate irradiated with y-rays at 4.2°K;* the symbols
denote experimental values; curve ]was obtained by
adding together curves 2-7.

attributed to NO, radicals, that at 268 and 520 nm to NOZ~
radical~ions, and that at 325 nm to NO3-.

The centre responsible for the band at 290 nm, which is
stable at the temperatures of liquid helium and liquid
nitrogen, but is annealed on heating to room temperature,
was not identified. Nor was the absorption band at 355 nm,
which Pringsheim 18 attributed to nitrite ions, assigned.
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However in a later study ¥ Cunningham assigned this ab-
sorption band (C-centre) to the oxyhyponitrite ion N,02".

On irradiation of potassium nitrate with a dose in excess
of 10?0 eV g=-1, an additional absorption band was observed
at 410 nm. Like the ESR signal? attributed to NO,, which
also appears at doses greater than 1020 eV g-1, this ab-
sorption band was assigned to NO,.
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Figure 2. Light absorption by sodium nitrate !°:

1) irradiation with X-rays at 77°K for 75 min (right-
hand scale); 2) irradiation with y-rays'at 77°K for
30 min (left-hand scale); 3) as for 2 after irradiation
with A > 510 nm light at 77°K for 40 min.

The spectrum of sodium nitrate ® irradiated at 77°K was
found to contain one absorption band with a maximum at
335 nm (Fig.2). However, analysis of the shape of the
curve and experiments involving bleaching with ultraviolet
light enabled the author to identify two species responsible
for this band (NO2~ and NOZ~) and to detect absorption at
410 nm, which is attributed to NO,. It is interesting that

Table 1. Optical centres in irradiated nitrate systems.
Postulated °
absorption Amax, BM Matrix T, 'K Refs Remarks

centre
NOg 250 KNO, 4.2and77 4 I
NO, | 600,640,670 H,0 - NaNO, 300 n | Poise radiolysis
NO, 598,635,671  Ce(NOj), 4 6MHNO, 2 |Flash photolysis

NOZ 325 KNO, 4.2and77] 4

NO:- 335 NaNO, 7 19
NO, 410 KNO, 4.2and77] 4
NO, 40 NaNO, 77 19
NO, 400 20

NO:‘ 268,520 KNOg 4.2and77 4

NOZ™ 335 NaNOQ, 77 19

NO, 355 NaNOy 300 18

N7 355 KNO, 77 i9 Stable up to

350 KNO; and 3000
_ - an .

NO; Pb(NO)s 30| 1| Reflection

&gtab 335—340 NaNO, 77and300)| 18

Cunningham ¥ observed an inhibiting effect by Ag" ions,
introduced into the potassium nitrate and sodium nitrate
lattices, on the increase in the intensity of the absorption
bands assigned to nitrate ion conversion products.

Table 1 lists the optical centres in irradiated nitrates.
For comparison, data obtained on the irradiation of liquid
solutions of nitrates are included.
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b. ESR Spectra of irradiated nitrates. The
ESR signals in irradiated nitrates of potassium 3:8:7,21,22 gpd
sodium 28-28 have been investigated in relatively great detail.
There is also information about the ESR spectra of irra-
diated nitrates of silver 12 strontium 13,2, lead 6,2, and
barium?, All the nitrates investigated were found to
contain NO,. NO, radicals were detected in potassium
nitrate $:5, sodium nitrate?3, and lead nitrate ¢, and NO%~
species were found in potassium nitrate 3,5,21,2¢  lead
nitrate®, barium nitrate?®, strontium nitrate 13,2, and sil-
ver nitrate 2. In the nitrates of silver 12, lead?®, and, to
a slight extent, barium? the signal due to the unpaired
electron is also split by the cations, i.e. in these nitrates
the entire molecule and not only the anion serves as the
electron trap. Therefore, especially in silver nitrate, the
paramagnetic molecule (AgNO,)~ appears instead of NOZ~.

Table 2. Characteristics of the ESR spectra of the paramagnetic species in
irradiated potassium nitrate single crystals

Postu- g-Factor Hyperfine structure] &

lated constants, G g Remarks

madical 8x I 8y I &z Az ' Ay I Ay E

1 2 3 4 5

NO  [2.008. 2,010 [2.005 | 3.5| 4.0/31 3 [ 77%and 4K

NO, [1.9996/1.9932(2.0055|62.9 | 50.3]48.7| 2! | Formed on heating to room tempera-
ture between two exposures to radia-
tion at 77 K or in the presence of
potassium nitrite

NO, 1.999 143 3 | Potassium nitrate powder, dose

- 3x1020evVgl

NOZ™ 12,025 [2.025 (2.008 | 9 9|9 3 | 4°K,dose3x10'8eVgl. Absent
at 77 K; on annealing at 77°K for
2 h decreases by a factor of two

NOI™ [2.0057/2.0057(2.0045|63.4 | 31.8{31.8] 5 7Z°K, dose 4 x 1019 eV g-1, H parallel

oa

NOZ™ [2.006 [2.006 [2.002 61 |32 (32 3 14°and 77°K. Crystal axis ¢ paraliel
to rotation axis and perpendicularto //

NO; |2.006 |2.006 12,001 | O o1{o 3 °K

NO, {2.0232{2.0232|2.0031] 4.3| 3.5 3.5 5 | 77°K, rapidly decomposes at this

- temperature

0, 1.958 Y 3 |Singlet. Appears on heating to 77K
or in measurements at g Kona
crystal irradiated at 77 K

Furthermore, in silver nitrate there is also an ESR signal
due to Ag?* ions 2, the characteristics of which are not
given in Table 4. The presence of NO, NOZ~, and O7 in
irradiated potassium nitrate has been indicated only by
Cunningham3s. Thus different workers have identified dif-
ferent paramagnetic species in the same nitrate (potassium
nitrate) and under the same or similar conditions. These
discrepancies are illustrated by the characteristics of the
spectra attributed to the paramagnetic species in irradiated
potassium nitrate (listed in Table 2),

Although the ESR spectra of irradiated sodium nitrate
have been studied in a number of investigations23-28, only
the spectrum attributed to nitrogen dioxide has been reliab-
ly interpreted. In two studies 2528 NO, radicals have been
identified in addition to NO,., Table 3, which lists the
characteristics of the ESR signals in sodium nitrate, shows
that different spectra are attributed to NO, radicals. It
has been shown?é that the matrix has virtually no influence
on the characteristics of the ESR spectrum due to NO,.
Therefore there is no doubt about the presence of NO, in
other nitrates also, as can be seen from Tables 2~4.
Certain contradictions in the identification of the individual
paramagnetic species are readily seen from a comparison
of the data in Tables 2-4.
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1. If the spectroscopic characteristics of particular
paramagnetic species remain the same or similar in the
lattices of different nitrates (which probably in fact is the
case), the ESR spectrum attributed to NO2" in potassium
nitrate by Cunningham3, to NO%~ in potassium nitrate by
Zeldes??, to NO2- in silver nitrate by Mosley and Moul~
ton 2, and to NOZ~ in potassium chloride containing nitrate
by Jaccard® should be assigned to one of these paramag-
netic species. This also applies to the interpretation of

the spectra attributed to NOZ- in potassium nitrate by Cunn-

ingham 3 and in strontium nitrate by Zdansky and Sroubek 12
and to NO, species in potassium nitrate by Livingston and
Zeldes?® and in lead nitrate by Golding and Henchman 6,
This problem was examined in fair detail by Atkins and
Symons3!, On thebasis of a comparison of the characteris-
tics of these spectra with those of isoelectronic radicals,
they assigned the first spectrum with gx = gy = 2.006,

gz = 2.002, Ay = Ay =32-37G, and Az = 61~68 G to
NOZ- radicals, and the second, with very slight splitting,
to NO,.

Table 3. Characteristics of the ESR spectra of sodium nitrate.

Irradiation|  Para-
tempzra- mm.eﬁc g <> g) <> |4y <ii> |4 <1>| References Remarks
ture, K | _species
300 NO, | 2.0059 | 1.9982 ) 48.0 58.4 2
77 NO, [ 2.0058 | 1.9964 | 50.5 59.1 %
170 NO, | 2.0056 | 1.9966 [ 51,1 58.4 27
300 NO, 2.0050 | 1.9970 | 53.0 57.8 27
300 NO, 2.006 | 1.9989 | 53 59 2% Disappears at 400°K
300 ? 2.006 | 2.0097| 0 0 2 ditto
300 ? 2.0064 | 2.0147| 0 0 2% Stable above 530°K
300 ? 2.006 | 2.0237| 0 0 % Disappears at 400°K
77 NOs 2.0004 | 2.0053| 0 0 % At 300°K converted
irreversibly into
three preceding
kil NO, 2.0022 | 2.0247 | 4.11 3.51 28 species
77 ? 2.0030 | 2.0225{ 0 0 28

2. The spectrum which Cunningham 3 and Jaccard* attri-
buted to NO radicals is assigned by Atkins and Symons 3! to
NOZ- species. However, Cunningham? showed by chemi-
cal analysis and by the ESR method that NO species accu-~
mulate as the dose is increased. The two methods gave
satisfactory agreement. The data are presented in Fig. 3.
Because of this, and also in consequence of the very high
anisotropy of the hyperfine splitting, Cunningham's view
on this problem is probably more correct.

The identification of the radicals NO;, NOZ-, and NOZ-
requires additional investigations,

c.Composition of stable products. The
generally adopted method for the determination of the final
radiolysis products of nitrates involves the determination
of the nitrite by diazotisation after dissolution of the irra-
diated nitrate in water. In the vast majority of cases the
solutions of irradiated nitrates were analysed for nitrite
only. Inthose studies where the gases evolved from the
solution were analysed (see, for example, Refs.2, 7, 19),
it was shown that the gaseous radiolysis product is oxygen.
The ratio G(NO;):G(0,) =~ 2 is maintained in all cases,
except for the initial stage in the radiolysis of lead nitrate 7.

However, it should be noted that there is a possibility of
chemical reactions of the radiolysis products on dissolu-
tion of irradiated nitrate in water. Cunningham” showed
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that radical products such as O~, NO,, and NO may make
a contribution to the yields of the radiolysis product deter-
mined as nitrite by the diazotisation reaction. On dissolu-
tion in water these products alter the concentration of
nitrous acid by the following reactions:

0- + H,0—» OH 4 OH~ ,

OH + NOj - NO, 4-OH~ ,

2NO + Oy — 2NO; ,
2NO, + H;0 - HNO, + HNO, .

Table 4. Characteristics of the ESR spectra of irradiated non-alkali metal
nitrates.

eti salt Refs Remarks
species I g 2 Ay A,, A,
NO, AgNO; 2,009 |1.9678(2.0039)50.7 | 48.5|69.6| 12 |irmadiation at 77°K.

Intensity increases

with disappearance

of the Ag2+ signal

on heating ghe crys,

tal from 77 to 140 K
Room temperature,

Formed at about 107 r

or at about 105 r if the

nitrate contains

nitrite

NO, St(NO,), [1.9975[1.9975/2.0054) 59 |59 |50 13

NO, Pb(NOy), [1.995 |1.995 |2.004 |57 157 [50 16 | Room temperature

NOs Pb(NO,), [2.029 [2,020 [1.008 | 1 | 1 |2 1 ditto

NO§Y~ AgNO; 2,002 2,007 |2.000 | 35.8)|37.1|67.4| 12 |77°K. The unpaired
electron is not localised
at NO3, but there is a
hyperfine structure
also due to the nucleus
of the neighbouring

- cation

NO? Sr(NOy), 2.0081'2.0081[2.0027 0 [o Jo 13 | Room temperature

NOZ™ Sr(NOj), 2.0019  2.0060 68.8 37.3 2 90°K

NO3™ Pb(NOy), 4.9857 1.9942 66  36.5 29}

NOF” Ba(NOy), 1.9997 2.0053 66.3 34.7 2

205 T "
a

1g[NO], radicals mole

Sl b o e b v

A A
dose, 1021eV mole-!
Figure 3. Formation of NO in potassium and sodium
nitrates irradiated at 77°K:

a) and c¢) curves based on chemical analysis; ) and
d) curves obtained by the ESR method”.

It follows from this that G(NO;) determined by the di-
azotisation method includes the yields of other products:
G(NO;) = G(NO; )iy + 3G (NO,) + 3G(NO) - 2G(07). It can
probably be regarded as established that the main radiol-
ysis products at room temperature, at any rate for potas-
sium and sodium nitrates, are NO, NO;, NO,, and oxygen.
As shown by Cunningham?, the presence of nitrogen in the
gaseous radiolysis products noted by Hennig et al. 1* is a
result of the desorption of air adsorbed on the surface of
the nitrates during irradiation.
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2, Kinetics of Radiolysis

Since nitrogen-containing radiolysis products of nitrates
were determined by the diazotisation method in all the
investigations except that of Cunningham?, and since there
are no data in the literature on the accumulation of all the
decomposition products of NO;, we shall henceforth
examine the kinetics of the radiolysis of nitrates on the
basis of the yield of nitrite, but one must remember that
G(NO;7) includes several components (see above).

a,Dependence of the radiochemical yield
on the dose absorbed. This problem was investi-
gated in greatest detail by Johnson and coworkers?;32,
Using the decomposition mechanism for the nitrates of
potassium, caesium, sodium, barium, lead, and silver,

MNOs —#> MNO, 4O , (6]
O+NO; — NO; (2)
O+4NO; — NO; 4 0, , 3)

and applying the method of steady-state concentrations to
atomic oxygen, they derived a second-order equation for
the accumulation of nitrite:

a[NG,|* + [NQ;] =D , )

where a and b are constants for the given salt and D is
the dose absorbed. Eqn. (4) describes satisfactorily the
experimental data for caesium, sodium, barium, and lead
nitrates (Fig. 4).

1018 molecules of product per g

20,

4

7l 60
dose, 1021 evgl

Figure 4. Formation of nitrite? in sodium nitrate:
1) [NO31; 2)410,]; curve calculated from Eqn.(4).

From the above mechanism of radiolysis [Eqgns. (1)~
(3)], the following equation for the description of the accu~
mulation of nitrite in potassium nitrate was obtained taking
into account the changes in the concentration of NOy ions?2:

alg(l—a)+ﬁ=bD (5)

(where o = [NO;]/[NOg],, @ and b are constants, and D is
the dose absorbed).

Cunningham and Heal$3, who used doses in excess of
10%8 eV g-1, described the kinetics of the radiolysis of
potassium nitrate by the equation

o= 1—ebP (6)

where o is the fraction of nitrate decomposed, D the dose
absorbed, and b a constant, A suitable equation for the
kinetics of the radiolysis of silver nitrate could not be
derived from the decomposition mechanism based on re-
actions (1)=-(3).
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The independence of G(NO;) of the dose for the indivi-
dual nitrates, noted in numerous studies 1,8,10,17,34-36_ jg
observed only for low doses, which are different for differ-
ent nitrates. It is not difficult to see that all three kine~
tic equations [Eqns. (4)-(6)] degenerate at low doses to an
expression of the form

[NOf]=&D , )

which is consistent with the initial linear sections of the
NO; ion accumulation curves.

b.Effect of dose rate and LETY{. The effect
of dose rate on the radiolysis of nitrates has been investi-
gated in numerous studies 19:3%:353%7,  G(NO7) for the ni-
trates of potassium, sodium, caesium, and lead3$” was not
found to change on varying the dose rate from 10!7 to
10% eV g-1 s-1, as observed in other investigations 10,33,35
in the region of other dose rates and for other forms of
radiation. The independence of the yield of nitrite of dose
rate over a wide range (from about 1015 to 10%° eV g-1 s-1)
permitted an unambiguous interpretation of the results on
the effect of the type of radiation on GINO7). Table 5,
taken from Hochanadel's paper 1°, lists the values of GINO;)
obtained in the radiolysis of nitrates by different types of
radiation. The similarity of the values of G(NO;) obtained

Table 5. Effect of LET on G(NO3) in nitrates!°.

adiated 3.4 MeV qeparticles| 60Co y-rays 44.5 keV X-rays
salt 25° 120° a0° 150° 150 1500
LiNOg 0.7 0.02—0.2 | 0.03—0.4 0.02
NaNO, 1.3 114 0.27 1.0 0.4 11
KNO, 2.2 1.5 3.0 2.0 3.0
CsNO; 1.4 1.6 2.3 1.4 1.2
Ba(NOy), | 1.6 1.8 1.6 1.8 1.8

under the action of X-rays and y-rays at 150°C and those
obtained under the action of a-rays at 25°C led the author
to the conclusion that thermal spikes are formed in the
tracks of o -particles, The increase of the radiochemical
yield of nitrite with increase in LET was attributed to a
local temperature rise in the tracks of heavy particles. It
should be noted, however, that it has been demonstrated
quite recently that thermal spikes are not formed in the
radiolysis of certain salts by protons s8.

c. The role of the cation. Even in the first
studies on this problem, a definite relation between G(NO;)
and the nature of the cation in nitrates was noted. The
present generally accepted explanation is derived by con=-
sidering the effect of the free space of the lattice on the
probability of the reverse reactions. This problem is
discussed in greater detail below.

d. Effect of other factors. The values of
G(NO;) obtained by different workers show very apprecia-
ble discrepancies!. One of the possible reasons for the
differences may be the different degrees of dispersion of

+ Linear energy transfer (Ed.of Translation).
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the nitrates irradiated?®. The size of the crystals irra-
diated has a direct effect on the retention of gaseous radiol-
ysis products within the lattice. On the other hand, the
amount of gases retained influences the rate of the reverse
reactions of the radiolysis products (see Section VI).

The influence of hetero-phase semiconductor oxide im-
purities® on the rate of radiolysis of potassium nitrate and
sodium nitrate has also been investigated. Since the
change in the rate of radiolysis under the influence of the
oxides is correlated with the electron work functions of the
latter, the effect of the additives on radiolysis was attri-
buted to their donor-acceptor properties in relation to the
nitrates. The decrease of the rate of radiolysis of sodium
nitrate in the presence of Ag* ions in the sodium nitrate
lattice was also attributed by Cunningham 9,3 {o the
acceptor properties of Ag*. Accordingly, the introduction
of T1* ions, which, as shown by Boldyrev et al. % are elec~
tron donors, acceleratesthe radiolysis of potassiuin nitrate,
Although the amount of experimental data is as yet insuffi-
cient to arrive at unambiguous conclusions concerning the
mechanism of the effect of the admixtures, one may con-
clude that, like the degree of dispersion of the crystals,
the purity of the salt irradiated has a significant influence
on radiochemical stability.

3. Mechanism of Radiolysis

Although the nitrite ion accumulation curves are des-
cribed satisfactorily by the kinetic equations based on re-
actions (1)=~(3), the work of Cunningham 475,34 and the ESR
spectroscopic data for irradiated nitrates, examinedabove,
convincingly demonstrate a significantly greater complexity
of both the primary and the secondary radiochemical pro-
cesses in the irradiation of nitrates.

The primary processes must be regarded as ionisation
and excitation processes:

NO; —#> NOj *

;% NO 3

(8a)
(8b1)

We may note that NO,; can probably form not only as a
result of reaction (8a) but also in the subsequent reaction

M+ e M

M +NOg — (M**4-NO3) — M*+NO+ 0, , 9)

which is confirmed by the effect of the nature of the cation
on the yield, noted above. Because of the high degree of
excitation of the cation, reaction (9) probably does not
stop at the stage where NO, is formed and continues to a
more profound decomposition of the anion. The NO, radi~
cals formed in reaction (8a) are unstable even at 77°K (at
room temperature the presence of NO, is suggested only
for lead nitrate 1) and can decompose by the reactions

NO; — NO,+0 , (10a)
NO; ~ NO+0, , (10b)

or can serve as traps for thermalised electrons:
NOy+ & — NO; * 2 NO;+0 . (11)

Since the steady-state concentrations of NO, and ther-
malised electrons are insignificant, one may assume that
reaction (11) is unlikely. Cunningham 37 found that NO is
the primary product and NO, appears only for high values

I Here and henceforth M* denotes the normal cation (Na*, K*, Sr%*, Ba?*
etc.) and M** an ionised cation, i.e. one which has lost another electron
(Na?*, K?*, Sr**, Ba®, etc.). [See, however, the scheme on p.68, reaction
(2¢). (Ed.of Translation)}.
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of the absorbed dose. It has also been stated in other
papers 21,22 that NO, is a secondary product. Therefore
reactions (10a) and (11) are unlikely, in contrast to reac-
tion (10b). Since the electron affinity of NO, is greater
than the energy of the N~O bond*°, the oxygen atom pro-
duced by fragmentation should have an excess kinetic
energy of about 0.2 eV, if it is assumed that the energy
associated with the electron affinity of the NO, radical is
localised at a definite bond. On the other hand, in a solid
the cage effect should be shown to the greatest extent. For
these reasons, the excitation energy of NOg* is often
scattered by the crystal lattice and part of the NOg* species
break down into nitrite and atomic oxygen.

The secondary electron, thermalised in non-elastic col-
lisions, may be stabilised in a trap of any type. Such
traps may be the defects initially present in the lattice,
ionisation products of the cation or anion, radiolysis pro-
ducts produced in secondary (see below) processes (O, O,,
NO,, etc.), and finally normal lattice sites. Inthe last
case it is reasonable to expect that in alkali metal and
alkaline earth metal nitrates thermalised electrons are
stabilised by anions and not cations, since the N5*/N4¢* re-
dox potential is much higher than for M*/M. Consequently
the second primary product, in addition to NOg, is elec-
tron-stabilised by anions 3-5,12,13,19,21,25,28;

NO;+e - NOZ™, (12)
but in silver nitrate, where the cation is an effective elec-
tron acceptor, we have AgNO, + € — [Ag(NO,)]~.

In potassium and sodium nitrates the absorption band
and the ESR spectrum attributed to NOZ~ vanish completely
on heating the irradiated crystals to 300°K. At this tem-
perature only the optical absorption bands attributed to
N,0%~ and NO, are stable%®, Consequently, apart from
NO, radicals, species with an excess of electrons should
make a contribution to the formation of the final radiolysis
products:

(13)
(14)

It is so far difficult to estimate the relative contributions
to the yields of final radiolysis products by reactions (8)~
(11) and (12)-(14). 1t is extremely probable that these two
groups of reactions lead to different results. As already
mentioned above, the relative importance of the individual
reactions within each group is also different.

The present authors believe that steric factors should
have a considerable effect on secondary processes involving
the interaction of the products of reactions (8)-(14). Fig.3
shows that the concentration of NO in sodium nitrate
reaches a limiting value at a dose of only 1 X 102! eV
mole-1, while in potassium nitrate the corresponding dose
is approximately twice as high, the steady-state concentra-
tion of NO in sodium nitrate also being lower than in potas-
sium nitrate. This shows that the reactions of NO depend
on the lattice parameters. According to Cunningham, such
reactions may be

NOZ™ - NO;4-0- ,

NOF™ — NOY +0 .

NO+0 — NO, , (15)
NO+O; 2 NO;* 2 NOJ+0 , (16)
NO4NO, = N,O, 2 2NO, , 7)
NO+NGY — NI, (18)
04-0=0, . (19)

Reaction (17) occurs only in the presence of high doses,
when there is a possibility of the formation of NO and NO,
at adjacent sites?.
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The mechanism of the radiolysis of alkali metal nitrates
examined above can probably be extended to the nitrates of
alkaline earth metals. In the nitrates of heavy metals or
variable-valence metals quite different electronic-ionic
processes occur, whose importance is evident from the
examination of the effect of impurities on the radiolysis of
the nitrates?8,18,24,39,

III. RADIOLYSIS OF NITRITES

Alkali metal nitrites are extremely stable under the
action of radiation%!, The only products observed on irra-
diation of sodium nitrite are the paramagnetic species NO,
and N,O;.41~% The signal detected after irradiationat 77°K
(a strongly anisotropic triplet) has been attributed 42,43,45
to NO, molecules located in the bc plane of the crystal.
These species disappear on heating the crystals to room
temperature,

However, sodium nitrite irradiated at 20°C at doses of
about 100 Mrad also gives a distinct ESR signal consisting
of an anisotropic triplet on which a quintet is superimposed.
It has been shown*!~# that the first signal originates from
NO, molecules in the ac plane of the crystal and the
second is due to N,O7 ions formed as a result of the transi-
tion of NO; ions or more probably NO, molecules into
neighbouring cationic vacancies with rotation by 180° and
formation of an N=N bond between these species and neigh-
bouring normal anions. Optical absorption spectra in the
visible and in the infrared regions5~47 confirm this view.

IV. RADIOLYSIS OF CHLORATES, BROMATES, AND
IODATES

1. ESR and Optical Spectra of Irradiated Salts

Atthepresenttime ESR spectra have been investigated in
relatively high detail only for potassium and sodium chlo-
rates irradiated with comparatively low doses (< 108 rad).
The data concerning the signals from caesium and rubidi~
um chlorates are extremely limited, while for bromates
and iodates there is only a general indication of the possi-
bility of detecting signals due to paramagnetic species in
these salts and a brief description of the form of such
signals in the spectra of powdered materials %,

The ESR spectra of irradiated alkali metal chlorates are
complex (Figs.5 and 6). There exist different views in the
literature concerning the interpretation of each signal in
the spectrum (see Table 6). In later studies on the ESR
spectra of irradiated sodium chlorate %9>54-5¢ it has been
shown that at irradiation doses up to about 10° roengtens
three paramagnetic centres are evident, their number in-
creasing on further irradiation. The attention of the
investigators has been drawn most to the complex signal,
observed in almost all the studies, consisting of four aniso-
tropic quartets.

Some workers 51,5%,5¢ attribute this signal to the C10-
Cl0; group, while Gamble * assigned it to C10, radicals.
The analysis of the signal in the latter study *° shows,
however, that its parameters (hyperfine structure and
g-factor) differ appreciably from those of the spectra of
C10, captured in various matrices % and therefore the
models of this centre proposed by Hasty 5! and Ramasastry
et al. % must be preferred (see Figs.5 and 6).

Studies of the ESR spectra at low temperatures (irradia-
tion of crystals with fast electrons and recording of the
spectra at 77°K) led to a new spectrum %°, which can be
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Figure 5. ESR spectrum of irradiated sodium
chlorate (specimen irradiated and spectrum re-
corded at room temperature)*’; A, and 4,—
quartets due to splitting by 35Cl and 3Cl nuclei;
B and C—singlets.

G
—_—
| | | |
7 4 [ ah [

Figure 6. ESR spectrum of irradiated sodium chlorate
(specimen irradiated and spectruin recorded at 77°K)*°;
A, and A as in Fig.5.

Table 6. g-Factors of the ESR signals from irradiated chlorates.

Radical §
_ cio g
0,0, ) cio, clo Clo—Clé; &
&
g=2.00 51
£=2.0095 | g=2.01 g==2.022 £=2.0023 52

(position of the most

intense line)

g=2.0102 5
g=2.0085—2.009 49
g=2.0338 g=2,0124 54
g=2.0033 2.003 55
£=2.0032 2.0026 56
g=2.0107-2.0135 50

more definitely assigned to ClO,; (Fig.6). This radical
proved to be extremely unstable; it breaks down on storage
and under the action of light at 77°K after 35 and 15 min
respectively.

The distinct central singlet in the spectra of irradiated
chlorates has been attributed =5 to Oy. Probably this
interpretation is correct, although it has been suggested %
57,88 that the signal is due to the radical-ion O;.
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The characteristic doublet observed in a number of
studies has been assigned by all the investigators to CI10,,
the remaining lines of the ESR spectrum of this radical (it
gives rise to a quartet) being masked by other signals
which are in no way related to it. However, it should be
noted that the parameters of this signal attributed to C10,
by Fayet and Thieblemont %% differ from those found by
Ramasastry et al, 52

Apart from the identification of different species enu-
merated above, a number of investigators have observed in
the spectra of chlorates irradiated at room temperature
lines due to various unidentified centres,52,55, The
results obtained by Subbotin* show that the ESR spectra of
the powdered salts irradiated at room temperature are
qualitatively similar for all the alkali metal and alkaline
earth metal chlorates. Data on the accumulation kinetics
and the behaviour of the signals from a number of chlorates
after annealing and on the relation between the rate of
accumulation and the crystal lattice parameters were ob-
tained for the first time 8,5 from the ESR spectra of alkali
metal chlorates, the specimens being irradiated and the
spectra recorded at 123° and 77°K. The irradiation of
the salts at low temperatures with high doses (up to 108 rad)
made it possible to obtain for the first time signals from
bromates and iodates and to observe signals from potas-
sium chlorate not detected previously. Nuclear quadrupole
resonance signals due to 35Cl nuclei in potassium and sod-
ium chlorates have been described in certain brief com-
munications ¥-61, The deformation of the ldttices of these
salts in the vicinity of the radiolysis products leads to the
appearance of broad signals which have not been interpret~
ed hitherto,

The information about the absorption spectra of irra-
diated salt layers of the type MXO, (X = halogen) are also
extremely limited, Heal, who investigated the absorption
spectra of thin single-crystal potassium chlorate plates
irradiated with X-rays up to high doses (10?3 eV g-1), 62
established the presence in the spectra of three absorption
bands—at 260 nm, 310 nm, and in the region of about
450 nm. By analogy with the positions of the absorption
bands of oxychlorine anions in aqueous solutions (cf. Ref. 63),
he attributed these bands respectively to Cl0;, C107, and
CLO, and confirmed their presence by analysing the solu-
tion of the irradiated salt. In contrast to Heal's data,
other investigators 52,64~66 ghserved only one band in the
spectrum of irradiated potassium chlorate, with a maxi-
mum at 461 nm, which is stable at room temperature.
When crystals irradiated with X-rays are exposed to light,
an additional band appears at 340 nm (and at the same time
also a new signal in the ESR spectrum), which has been
attributed®s to CL;. Under the same conditions, two ab-
sorption peaks, displaced towards the short-wavelength
region of the spectrum, have been observed®* in the spec-
trum of sodium chlorate.

A more detailed study of the colouring of sodium and
potassium chlorates at room temperature 67,68 showed that
in the spectrum of irradiated sodium chlorate there are
three absorption regions: at wavelengths less than 260 nm
and with maxima at 302-310 and 420 nm. The observed
spectrum is believed® to consist of individual bands with
maxima at 228, 260, 310, 360, and 420 nm for sodium
chlorate and at 216, 260, 310, 360, and 450 nm for potas-
sium chlorate. It is reasonable to assign the absorption
at 260, 310, and 360 nm to Cl0;, ClO~, and ClO, respec~
tively, It is believed® that the absorption band at 216~
220 nm is due to the transition of an electron from ClO; to
a lattice defect (analogue of the a~band in alkali metal
chloride crystals), and the absorption in the region 420-
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450 nm is attributed to CL,Og and Oy or to simultaneous
absorption by these species. The nature of the thermal
and optical bleaching of the absorption bands studied in the
same investigations 67,68 confirmed the hypothesis put for-
ward concerning the structure of the absorption centres®.

The models of the centres (enumerated above) respon-
sible for the optical absorption in irradiated chlorates are
the most likely. Apart from those described, there are,
however, other hypotheses about the structure of the ab-
sorption centres 5L,

2. Composition of Stable Radiolysis Products

In the first studies on the radiolysis of chlorates 4:% the
presence of oxygen, C17, and ClO; in the products was
established. The composition of the radiolysis products
was investigated in detail by Heal®, By analysing the
solutions of irradiated potassium chloride and by absorp-
tion spectroscopy of the crystals, he determined the follow-
ing stable products: O,, Cl1-, ClO~, ClO;, ClO;, and
small amounts of CL,O; and Cl0O,.

The initial radiochemical yields G, of the main radio-
lysis products of alkali metal chlorates and bromates based
on the work of a number of investigators -7 are compiled
in Table 7. Fig.7 shows the accumulation curves for the
raditlysis products of potassium chlorate %2,

M
210
0.08
0.0
0.0y
202

T

7 7 2
dose, 1024 eV mole-1

Figure 7. Accumulation curves for the main
radiolysis products in potassium chlorate at
room temperature 52:

1)0,; 2)Cr; 3) Clog; 4) Cl0~.

Studies on the radiation chemistry of bromates-7%
established that their irradiation in a nuclear reactor with
mixed radiation (y-rays, fast and slow neutrons) and with
cobalt-60 y-rays leads to the accumulation of the radio-
lysis products Br-, Br,, BrO~, and BrO;, i.e. the compo-
sition of the reduction products of bromate ions is similar
to that of the products found in the radiolysis of chlorates.
The products also contain O,, but the presence of BrO;
has not been finally established. Chase and Boyd" also
detected BrO-, BrO;, Br~, O,, and BrO, (the last tenta-
tively) in aqueous solutions of alkaline earth metal bro-
mates,

3. Kinetics of Radiolysis

A constant rate of accumulation of C1~™ and O, and a
complex shape of ClO; and ClO0~ accumulation curves are
characteristic of chlorates. Characteristic features of
potassium chlorate, which hasbeen investigated in greater
detail, are alsothe insignificant effect of temperature in the
range 77-300°K on G(—C10O; ) and the probable formation of
appreciable amounts of ClO; or CL,0q.
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A group of studies on the Szillard-Chalmers effect in
this class of compounds ?-8! is related to the investigations
of the radiolysis of chlorates. Among the products in
chlorates irradiated with neutrons, C1-,Cl0;, Cl0-, Cl,, and
Cl0; have been noted.

The radiolysis of alkali metal bromates has been in-
vestigated in greatest detail by Boyd and coworkers 72~75,82
(Table 7). The accumulation of Br- is linear in the initial
stage of the radiolysis (approximatelyup to 1 X 10 eV g~1);
then it begins to take place with a gradually decreasing rate
for all the bromates, except lithium bromate, the degree of
deviation from linearity increasing in the series from
lithium bromate to caesium bromate. Inthe temperature
range 77-358°K the rate of radiolysis depends only very
slightly on the irradiation temperature. The rate of accu-
mulation of Br~ in caesium bromate is almost independent
also of the irradiation dose rate.

One of the principal conclusions arrived at by Boyd
et al. " is the correlation which they established between
the “free space” in bromates and radiation stability. Such
correlation holds also for a number of other inorganic
salts 38,

Table 7. The yields of the main radiolysis products of salts of the type
MHalO;.

Products 3
Irradiated G G G G ¢ g Remarks
compound| iy | (Halom) | (Maloy) | (0n | HaIOQ) S
NaClO4 2.14 — —_ — — 76 a-Particles
KCIO,4 0.4 — 1.2 1.57 — 64, 69 | Room temperature,

X-rays

LiBrOg 0.13 0.21 —_ 0.23 72 Room temperature
NaBrO, 0.88 0.64 — 1.48
KBrOg 1.07 0,46 — 1.53 60Co ~-rays
RbBrO, 1.02 0.82 — 1.85
CsBrOy4 2.23 0.49 — 2.73
Li?’BrOg — — — — 0.47 K Room temperature
NaBrOg 0.59 0.22 0.59 — 1.4 Mixed reactor radiation
KBrOg 0.63 0.20 0.54 — 1.3
RbBrOg 0.96 2,23 0.31 — 2.4
CsBrO, 0.61 — — — 3.4
LiBrOg 0.58 0.26 0.47 — 1.4

Boyd7”® established that certain kinetic parameters of
the radiolysis of lithium bromate under the action of neu-
trons differ from those which they described for y-irradia-
tion. In particular, the radiation yields are much higher
(Table 7). For all the other bromates, the yields of prod-
ucts on y-irradiation and irradiation in a reactor are very
similar, The higher yield for lithium bromate is asso-
ciated with the high efficiency of neutron capture by 6Li
nuclei. Thus, when mixed reactor radiation is used, the
isotope composition influences the rate of radiolysis.

Among alkali metal bromates, the radiolysis of caesium
bromate has been investigated in greatest detail’®. Some
information about the kinetics of product accumulation in
the radiolysis of alkaline earth metal bromates has been
published by Chase and Boyd ™ who noted a change in the
yields with dose for all the products resulting froin the
secondary reactions involved in the thermolysis and an-
nealing of the radiolysis products. .
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4, Mechanism of Radiolysis

The above data provide a basis for a mechanism of the
radiation-induced decomposition of alkali metal chlorates.
The following fundamental reactions are likely to occur in
the radiolysis of the chlorates:

—= ClO™4-0,, (a)

J——cio7+0, ®
7/

7 sl 31,0, ©
1. cio; s €105 o
N [—— G040, @
—— Cl0,+0", (©)
o2 CIO; —m> ClOg+¢* ()
M+ s Mt fe* ()
M2+4CIO; — M#+*4CIO; , ©

——Cl0,+0, @

3. E*—-»e_,

4. CI0;, CiOy ——— CIO4+-0, ,

—— C4-0,4-0, (®)

5. ClOg+¢e — products la—1e (a)
Cl04-CI0} - (CIO—CIOY) , (®)

6. 07 +0—-0; , (a)
O;lCa+e~0; |Ca, ®

7. 040-0, , @
Cl4+-Cl—Cl, , (b)

8. Cl0; - CI™+0, , @
ClO~— CI™+0 ®)

9. Cl0;7+0-CIO; , (@
CIO~+0- Clo; , )

10. clo;4+0-Clo;7, @
11. Cl03+Cl0;— CL,0q (a)
C1,04-+¢ — CIO7+CIO; . (b)

In the primary stage both excitation [reaction (1)] and
ionisation [reaction (2)] of anions take place. The disso-
ciation of excited ClO;* species can result in the formation
of various oxychlorine products [reactions (1a)-(le)].
However, the formation of oxychlorine anions [reactions
(1a)—=(1c)] is more likely than reactions (1d) and (1e) be-
cause of the higher electron affinity of chlorine oxides
compared with oxygen4°,

The following experimental findings confirm the occur-
rence of ionisation in chlorates: (1) the presence at low
temperatures in irradiated sodium and potassium chlorates
of a signal originating most probably from ClO,; % (2) the
formation on radiolysis of small amounts of C1,0, "¢ pro-
duced as a result of bimolecular interaction between ClO,
species [stage (11a)]. After the ionisation step, the
excited electron loses its energy [the electron thermalisa-
tion stage, reaction (3)], and is then captured by a trap.

Reactions (2b) and (2c), the ionisation of the cation and
subsequent conversion into M2** under the influence of the
powerful field of the electron in the neighbouring anion,
probably also occur. The excited radical ClO0¥ produced
at the same time breaks down; among its possible decom=-
position products, only ClO, radicals have been observed
so far,

In view of the high electron affinity of ClO; (E = 3.96eV
according to Ref. 40), the recombination of these species
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[reaction (5)] can also lead to bond dissociation within the
radical. The possibility of this occurring is largely
determined by the ratio of the electron affinity of C10, to
the dissociation energy of C1-O bonds in the chlorate.

The latter is 2.38 €V in potassium chlorate . The adop-
tion of the Cl1O0-ClO; pair as one of the paramagnetic
centres in chlorates presupposes reaction (5b).

In the ESR spectra of irradiated chlorates one of the
singlets has been assigned to the oxygen radical, which
justifies the introduction of reaction (6a), but according to
the latest studies stage (6b) is the more likely,

By analogy with bromates, one may assume that the
annealing of the radiolysis products which occurs also in
the radiolysis process itself at moderate and high tem-
peratures involves both thermal conversion of unstable
products [reactions (8a) and (8b)] and the reverse oxidation
of oxychlorine products by atomic oxygen [reactions (9a)
and (9b)] formed on decomposition of excited species
[reactions (1), (4), and (5)].

1t is at present difficult to determine the subsequent
fate of the Cl0, radicals formed in stage (2) (decomposition
or dissociative recombination with an electron). How-
ever, the first data obtained on the thermal and optical
bleaching of ClO, at low temperatures ° suggest that reac-
tion (5) is the more likely process, although reaction (11a)
and the subsequent reaction (11b) are possible.

In view of what has been said, one might think that neu-
tral oxychlorine radicals (C10, Cl0O,) and anions (Cl0-,
Cl10;) are formed in chlorates by different reactions []reac—
tions (2) and (4) and reactions (1) and (5) respectively]|.
Since the presence of the ClO; anions in the radiolysis
products of chlorates has been demonstrated in a number
of studies and Sharman and McCallum®® assert that ClO;
anions are formed by the further oxidation of chlorine in
the chlorate anion, one must introduce tentatively reac-
tion (10).

The formation of radicals and final products in the
radiolysis of alkali metal bromates has been investigated
in much less detail than for the chlorates. Only the prob-
lem of the accumulation of bromide and oxybromine
anions with a low degree of oxidation of bromine has been
adequately dealt with in the literature. The mechanism
put forward?s:7¢ for the radiolysis of bromates appears to
be less definite and justified than the set of fundamental
stages which can be postulated for chlorates. It may be
supposed (the comparison of the compositions of the molec-
ular radiolysis products of chlorates and bromates con-
firms this) that the mechanism of the radiolysis of MBrO,
is largely similar to that of the radiolysis of chlorates.
The differences in the mechanism of radiolysis of thesetwo
groups of salts can be definitely established only by a
thorough comparative study of the optical and ESR spectra
of the salts.

V. RADIOLYSIS OF PERCHLORATES

The radical products of the radiolysis of potassium and
ammonium perchlorates have been determined and investi-
gated by the ESR method by a number of workers23-%9, The
presence of the paramagnetic species ClO, and Oy in potas-
sium perchlorate irradiated at room temperature has been
established 3:8¢ and certain kinetic characteristics of their
accumulation and thermal breakdown have been deter-
mined®, By irradiating the specimens and recording the
spectra at low temperatures, it is possible to observe two
additional signals, one of which has been attributed®® to O3,
while the other has remained uninterpreted. A study in
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the temperature range 77-100°K revealed two further ESR
signals, which have been assigned tentatively to Cl10, radi-
cals®,

The relatively stable ClO; and NH{ species have been
observed and definitely identified in irradiated ammonium
perchlorate, while Boyarchuk et al. 85 also observed at low
temperatures an unstable singlet which they attributed to
electrons localised at lattice defects.

Among all the radicals enumerated, only the behaviour
of NH{ in ammonijum perchlorate has been investigated in
fair detail. The spectroscopic and kinetic characteristics
of other paramagnetic centres have not been studied, nor
have the ESR spectra of any other perchlorates. Optical
absorption by radiolysis products in solid perchlorates has
been investigated only for ammonium perchlorate 63,91,
Absorption bands with maxima close to 260, 300, and
360 nm, indistinct absorption near 420 nm, and absorption
at wavelengths below 220 nm have been detected in the
spectrum of ammonium perchlorate irradiated at 77° and
300°K. Comparison with the spectra of irradiated chlo-
rates, agueous solutions of the corresponding compounds,
and the results of the analysis of the stable products of the
radiolysis of ammonium perchlorate, led the authors to
assign these bands to C10;, Cl0-, ClO,, O;5(Cl,0¢), and
CL: respectively.

Heal®? identified C1~, ClO;, and O, as the stable radio-
lysis products of potassium perchlorate, after dissolving
the irradiated salt in water. However, Baberkin et al. %
have stated that the chloride appears only after heating the
irradiated specimens above 370°K. Heal?? has suggested
the formation of hypochlorite and chlorite ions, whose pre-
sence in irradiated alkali metal and alkaline earth metal
perchlorates was demonstrated later ?3-96—these studies
showed that ClO, and metal oxides are also formed. The
variation of the degree of accumulation of the main radiol-
ysis products with the dose absorbed differs little from

Table 8. Radiochemical yields of the radiolysis products of perchlorates
at room temperature.

Salt GCloy) | GCIoy) | Gioy | Gelom) | Gl | G, | G(—Clo,) |References
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linearity. The deviations from linearity at high irradia-
tion doses are due to secondary reactions involving the
annealing and thermolysis of the products. The radio~
chemical yields of the radiolysis products of various metal
perchlorates are listed in Table 8, which shows that the
main radiolysis products of the perchlorates are chlorate
and oxygen. The remaining products are formed with
relatively low yields. It has been shown?3-?5 that G(~-ClOg)
for potassium and sodium perchlorates is almost independ-~
ent of temperature over a wide range of the latter.
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The relative content and the kinetics of the accumulation
of stable radiolysis products, observed after dissolving
irradiated ammonium perchlorate in water, differ from
those quoted for alkali metal perchlorates. It has been
shown 83,91,97,98 that the main radiolysis products are Cl-,
ClO7, and CL; the question of the presence of ClO; and
Cl0~ in aqueous solutions of irradiated ammonium per-
chlorate remains open (see Table 9),

The accumulation of products is non-linear because of
the thermolysis during irradiation (even at room tempera-
ture) of oxychlorine radiolysis products, but the overall
yield G(=C10;) in the radiolysis process remains constant.
Attention has been drawn to the effect of LET on the yields
of the radiolysis products ©3:°1,

The composition of the gaseous radiolysis products was
established mass-spectrometrically only for ammonium
perchlorate®-®, In irradiated crystals O,, HC1, and N,0
retained by the lattice have been observed®—N,0, NO, O,,
and H,0 are evolved from the crystals during radiolysis®s.

Table 9. Initial yields of the radiolysis products of ammonium perchlorate
at room temperature.

Type of radiation G(Clog) G(CI0-+Cly) G(Cl-) G(—CIO,) |References
200 kV X-rays 1,78+0.15 | 0.78=0.1 2.1+0.1 4.36+0.15 63
4.7 MeV protons 1. 8+0.1 1. 8+0.1 2.7 6. 8+0.15 9l
60Co y-rays 1. 3 1.65 2.5 — 98

The post-radiative changes in the properties (mainly
thermal stability) of ammonium perchlorate have been
examined in a number of studies 1°0-1%5. Stable final radiol-
ysis products which catalyse thermal decomposition must
probably be regarded as responsible for the increased rate
of thermolysis of irradiated ammonium perchlorate., The
data available at the present time on the composition and
properties of intermediate and to some extent final radiol-
ysis products are insufficient for the construction of
soundly based mechanisms for the radiolysis of perchlorates
at various temperatures. Therefore the mechanisms pro-
posed for the individual intermediate stages of the radiol-
ysis of perchlorates 3,83,91,94796,106 myugt be regarded as
tentative.

The principal postulates put forward in the construction
of these mechanisms are as follows. It is suggested that
the primary radiolysis products are mainly C1-, O,, and
ClOy. The predominant formation of ClOg as the primary
product in the rddiolysis of ammonium perchlorate has
been pointed out 83,21, Data on the effect of semiconductor
impurities on the radiolysis of ammonium perchlorate
107,108 gyggest that the products are formed on dissociative
addition of an electron to Cl10, and ClO, radicals. The
important role of the interaction between the radiation and
the cation, which leads to the formation of species with
two and more positive charges, has been pointed out 1%,

V1. ANNEALING AND INTERCONVERSIONS OF RADIA-
TION-DAMAGED REGIONS

A number of investigators have undertaken, particularly
in recent years, the study of processes involved in the
restoration of the properties and the stoichiometric com-
position of irradiated materials, under the influence of
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various factors on the irradiated compounds. Frequently
in studies of this kind thermolysis and interconversions of
the radiolysis products are observed together with the
intrinsic annealing. Studies in this field consist of two
groups in each of which the problem is formulated in a
slightly different way.

Most of the investigations deal with the study of the
annealing phenomena in preparations (mainly inorganic
oxygen-containing salts stable to radiation) irradiated with
slow neutrons. Problems concerning isotope separation
using the Szillard-Chalmers effect and the time-variation
of isotope distribution between the individual chemical
species in irradiated materials have been mainly examined
(for reviews, see Refs,109-111),

A comparatively small number of publications concern
the changes in the concentrations of the radiolysis products
in solid salts during post-radiative annealing. Most of
these studies have been carried out on potassium nitrate
and certain heavy metal nitrates. The available literature
data are concerned almost exclusively with the kinetics of
thermal annealing 19,14,15,398,94,112-118  whijle the post-radia~
tive changes in the products under the influence of other
factors have been investigated very little.

Annealing in nitrates is regarded approximately as the
oxidation of nitrogen—oxygen products (mainly NO;) by
radiolytic oxygen!12,13, The rate and extent of this pro-
cess are significantly influenced by all types of treatment
of the salt: pressing11%:114,116  grinding 115, introduction of
heterovalent ions into the lattice®. Annealing is greatly
accelerated at the polymorphic transition temperatures 117;
in some nitrates it appears to involve a more complex
mechanism than simple oxidation of NO; by oxygen trapped
in the lattice. There must be various mechanisms of the
effects of the preliminary treatment on thermal anneal-
ing 114,115,

Among cases of non-thermal annealing, a decrease of
the amount of radiolytic NO; in lead nitrate on pressing !
and irradiating the preparation with ultraviolet light has
been observed.

Unstable radiolysis products of oxyhalogen salts can
also undergo changes during annealing of the irradiated
compounds 72,75,76,84,118-121 According to some investiga~
tors 72,75,111,121-123  two groups of reactions then occur-re-
combination of oxychlorine or oxybromine products with
oxygen (i.e. the intrinsic annealing) and their thermolysis
to the chlorides. In alkali metal and alkaline earth metal
bromates these reactions take place during the irradiation
process itself even at room temperature and result in
variable yields of the products during radiolysis.

VII. RELATIVE STABILITY TO RADIATION IN SERIES OF
SIMILAR SALTS

It has now been firmly established that the stability of
inorganic compounds (including oxygen-containing salts) to
radiation is determined both by their macroproperties, in
particular the structural and energy properties®-%, and
the nature and type of damage to the crystal lattice 197,124,

One of the most clearly established relations between
stability and macroproperties of similar salts is that, on
substitution of the cation in series of salts with the same
anion, the radiation yield of the products changes smoothly
and in parallel with the variation of the most important
characteristics of the crystal lattice (“free space” and
lattice energy, electronic fraction of the ions, etc.). The
study of relations obtaining in radiolysis in series of simi-
lar compounds over a wide range of temperatures 48,50,125
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and in the annealing of nitrates 13 and also the study of the
radiolysis of aqueous perchlorate systems 1% permit a
more detailed examination of this problem. In particular,
three temperature regions may be isolated in which the
origins of stability series and the very nature of the rela-
tions obtaining in series of compounds may be different.

At low temperatures (77°K) the accumulation in alkali
metal bromates and chlorates of radical products of the
ionisation of anions takes place witha yield which increases
in the series in parallel with the increase of the electronic
fraction of the anion%°, At the same time other radicals,
whose yield increases in the opposite sense, i.e. in parallel
with the increasing electronic fraction of the cation and the
“free space” in the lattice, become stabilised under these
conditions.

At higher temperatures (between 120° and 150°K) the
radicals of the first type disappear, while the yields of
those of the second type increase. Probably, starting with
the above temperatures, the overall rate of accumulation
of products in series of compounds with a variable cation
or anion (for example, in the second case in the series
KCl0,-KBr0,-KIO,) increases in parallel with increasing
“free space” and electronic fraction of the cation., A
similar relation is also observed in the accumulation of
final, molecular radiolysis products, which are analysed
chemically.

Similar relations (as regards stable products) have been
established by a number of workers for alkali metal and
(in a number of cases) alkaline earth metal halides, azides,
nitrates, chlorates, bromates, perchlorates, and per-
manganates 38,50,78,106,126 and they are probably common to
inorganic salts irradiated close to room temperature.
Until recently it has been assumed that the direct origin of
series relations of this type is associated with the change
only in the “free space” of the crystals in the series of
salts. As the “free space” increases, the cage effect and
the probability of the reverse reactions of the intermediate
radiolysis products decrease, which in fact entails an in~-
crease of the radiation yields of the products.

However, recently it has been suggested that the change
in “free space” cannot be regarded as the only origin of
related series in the temperature range investigated.
According to some investigators 3,4,93,106  the interaction
between radiation and the salt cations must make a signifi-
cant contribution to the yields of the radiolysis products.
This view was confirmed experimentally for the first time
for silver nitrate and alkali metal perchlorates by Mosley
and Moulton 2 and Wang Wen-hsin et al. % respectively.
The interaction between radiation and cations which takes
place with a probability proportional to the electronic
fraction of the latter leads to the formation of additionally
ionised cations (mainly M?*), whose coulombic field may
be sufficient to remove an electron from a neighbouring
anion 1%, The energy evolved on addition of an electron
to M2* may result in the decomposition of neighbouring
radicals and anions.

Finally, in radiolysis at elevated temperatures (differ-
ent for different salts) it is desirable to take into account
the effect of annealing processes, occurring during irradia-
tion, on the yields of products and the occurrence under
these conditions of radiation stability series. According
to Zakharov et al. 128, the rate and extent of annealing in
alkali metal nitrates increase appreciably in the series
ranging from sodium nitrate to caesium nitrate, which
means that they vary in parallel with the increase of “free
space”, i.e. with the improved conditions for the diffusion
of radiolysis products. The activation energy for the
annealing in nitrates is much higher than the activation
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energies for the processes occurring in radiolysis. There-
fore the variation of radiation stability in series of these
salts at elevated temperatures must be less pronounced
and possibly (if not prevented by thermolysis) actually the
reverse of the variation of radiation stability at low tem-
peratures 118,

The rates of annealing (re-oxidation) and thermolysis of
the oxyhalogen products in perchlorates, chlorates, and
bromates also depend on the “free space” 7®%, This must
affect the radiation stability series for the salts at elevated
temperatures.
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I. INTRODUCTION

During the last 2-3 decades significant advances have
been made in the chemistry of solids!~6, However, it is
noteworthy that many problems of the kinetics and mech-
anism of heterogeneous reactions involving solids are only
in the initial stage of development. Furthermore, the
development and research in this field and the accumulation
of experimental data make it necessary to revise or cor-
rect the classical hypotheses in this branch of science.

The present review deals with the most important kine-
tic features of reactions of the type

A(solid) + C(gas) & B(solid), (1)
A(solid) + C(gas) 2 B(solid) + D(gas). 2)

Reactions of the first type include the formation of metal
oxides, sulphides, selenides, and halides, the hydration of
oxides and their conversion into carbides, and the reverse
reactions. Processes of the second type include numerous
reactions involving the reduction of oxides to the metals by
gaseous reducing agents and the reverse reactions, as
well as certain other interactions. Reactions (1) and (2)
are heterogeneous and take place at an interface. There-~
fore the physical state and the topography of the surface of
the initial solid phase A and the product B play a very
important role in the kinetics of these processes.

The intrinsic chemical step is complicated by a number
of physical phenomena which accompany it: the rearrange-
ment of the crystal lattices of the interacting phases and
their recrystallisation and sintering, the diffusion of the
reactant C and the product B in the gaseous medium and
their motion through pores and cracks in the solid phases

A and B, the adsorption and desorption of gases, and the
supply and removal of heat., Therefore the processes can
take place both under kinetic and diffusion-dependent con-
ditions.

In the examination of the kinetics of reactions (1) and (2)
under isothermal conditions (this is the case mostfrequent-
ly encountered in technology), we shall distinguish two
factors which have been called “autocatalysis” and “im-
pedance”,

Autocatalysis consists in the reaction, having begun
after a certain induction period, developing at an increas-
ing rate, the process gradually coming to a stop only at
more advanced stages as a result of the disappearance of
the initial reactant. The accumulation of the product of
an autocatalytic reaction can be described graphically by
an S-shaped curve and mathematically the relation between
the extent of reaction o and time { can be expressed by the
Kolmogorov~Erofeev equation, for example 17;

@ =1—exp(— kt"). (3)

The self-acceleration of the reaction and a rate maximum
on the kinetic curve have been observed experimentally in
numerous investigations 18~27,

Another no less interesting feature of reactions (1) and
(2) is that the formation of the product B results in the
separation of the reactants in space and the appearance of
factors hindering the process, whose magnitude increases
as the solid product accumulates., This phenomenon has
been called impedance. Factors hindering the reaction
can arise even at the very beginning, whereupon the rate
will steadily decrease (provided, of course, that there are
no abrupt changes in the nature of the process itself, the



